The automated OCM Kt/V OCM with anthropometric estimation of urea distribution volume was the easiest method to use, but Kt/V BCM with measured urea distribution volume was closer to the conventional method.
ing dialysis dose have been developed, mostly based on measurements of conductivity [4] , [5] or of urea [6] , recently also of ultraviolet absorbance in the spent dialysate [7] .
The standard method determining dialysis dose consists of three steps: pre-and postdialytic blood samples, postdialytic laboratory analysis of the urea concentration, and finally, application of urea kinetic modeling or -more commonly used -of the Daugirdas' secondgeneration formula [8] (Kt/V Dau ). According to the guidelines, dialysis dose should be measured at least monthly [1] , although in some dialysis centers this dose determination is done by the standard method with lower frequency, e.g. quarterly.
The latest generation of dialysis machines incorporates as standard features the technology which allows automatically measuring the dialysis dose without blood sampling in every dialysis treatment [9, 10] , such as the Online Clearance Monitor OCM [4] .
The effective cleared plasma Kt (K: urea clearance, t: effective dialysis duration) is delivered by automatic measurements and calculations; in order to obtain the dialysis dose Kt/V the urea distribution volume V is mandatory. Several anthropometric estimations are known; mostly the Watson estimation [11] is applied. The second method applied in this clinical study is the dialysis dose measured by OCM using the Watson estimation for V (Kt/V OCM ).
Instead of an anthropometric estimation, the urea distribution volume V can be measured predialytically by bioimpedance spectroscopy (Body Composition Monitor, BCM) [12] [13] [14] [15] [16] [17] [18] . The third method applied in this clinical study is the automatic online clearance measurement (OCM) with V measured by BCM (Kt/V BCM ).
The aim of this prospective clinical trial was the comparison over a wide range of dialysis doses of the three methods, Kt/V Dau , Kt/V OCM , and Kt/V BCM , which are presently applied in dialysis centers. It is discussed how these different methods may support the clinicians to achieve the recommended dialysis dose. In order to obtain an adequate overview with sufficient clinical data, many European dialysis centers participated in this clinical trial.
Materials and Methods

Design
The clinical trial was designed as a prospective, observational, cross-sectional, international, multicenter study comparing simultaneously three different methods of dialysis dose assessment in clinical routine: Kt/V Dau , Kt/V OCM , and Kt/V BCM .
Due to the observational nature of the study, no additional blood samples were taken, benefitting from the regularly performed dialysis dose measurements with pre-and postdialytic blood samples in order to obtain the dialysis dose Kt/V Dau .
Simultaneously to the standard method, the dialysis dose was also determined by two different non-invasive methods: (1) Kt/ V OCM was automatically measured by OCM with the urea distribution volume V based on the anthropometric estimation of Watson, and (2) Kt/V BCM was determined from the automatically measured Kt, derived by OCM, with V, determined from a predialytic BCM measurement.
Patient Selection
The trial was planned as a study with all eligible patients of each study center, thus a cross-section of those patients complying with the inclusion criteria (adult age, physical and mental ability to participate in the study, treatment with HD or online hemodiafiltration (online HDF) [19] , and signed informed consent). Exclusion criteria were pregnancy (a standard criterion in case of female patients), single-needle dialysis (OCMs were developed for double-needle dialysis), pacemaker or implanted pump (possible interferences with the bioimpedance measurement), and major amputation of arm or leg (resulting in reduced accuracies of bioimpedance measurements).
Study Parameters
Patient characteristics (such as age, sex, height, weight, residual renal function), medical history, comorbidities and treatment modality (HD or online HDF) were recorded at study entry by trained physicians. The pre-and postdialytic urea concentrations (measured decentrally in the laboratories of the centers) were recorded.
The following treatment parameters were noted: pre-and postdialytic body weight, ultrafiltration volume, volume of processed blood, effective dialysis time, and the dialysis dose Kt/ V OCM . From the predialytic BCM measurement the urea distribution volume V was determined as predialytic total body water corrected by the achieved weight loss during treatment.
Technical Description
The dialysis monitors applied in the trial were 4008 and 5008 monitors (both Fresenius Medical Care, Bad Homburg, Germany) enabling both treatment modes, HD and online HDF, and with Online Clearance Monitor (OCM).
The OCM automatically determines the urea clearance K via a positive or negative conductivity bolus, based not solely on a single measurement, but on several consecutive measurements evenly spread over the dialysis treatment. With K and the effective dialysis duration t given, the effective cleared plasma Kt is easily calculated. For the urea distribution volume V, different options for anthropometric estimations are available in the dialysis monitor 4008 and 5008; mostly the Watson estimation is applied, resulting in the dialysis dose Kt/V OCM .
Multifrequency bioimpedance analysis has been shown to be a simple, safe and inexpensive method to measure the different water compartments of the human body [14] . The Body Composition Monitor (BCM; Fresenius Medical Care) is a stand-alone device that has been shown to be a precise technique when compared to dilution methods of suited markers (e.g. deuterium or tritium for determination of total body water, or bromide for determina-
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The predialytic BCM measurement determined the urea distribution volume V after placement of the electrodes on hand and foot; this measurement was observational and did not influence the subsequent HD treatment.
The dialysis dose Kt/V BCM is determined from this predialytic urea distribution volume V, the achieved weight loss during the treatment, and the OCM measurement of Kt.
Regulatory Aspects
In all dialysis centers the applicable local legal and administrative regulations were followed and approvals of ethics committees were obtained. The patients were informed and signed their consent 
Statistics
Continuous variables are presented as mean and standard deviation, for categorical variables absolute and relative percentages are given. Agreement of Kt/V measurements was assessed by creating Bland-Altman plots [20] . Additionally, correlation coefficients according to Pearson and concordance coefficients according to Lin [21] were calculated. All analyses were performed with SAS version 9.2.
Results
Patient Population
1,606 patients from 18 dialysis centers were screened whether eligible for the study, 1,089 patients could be recruited, and 1,076 patients could be analyzed. The age of the 529 non-analyzed patients was 69.0 8 13.4 years, and 55.6% were males; the age of the 1,076 patients of the analysis cohort was 65.7 8 13.9 years, and 57.0% were males. The slight difference in mean age (3.3 years) might be due to the exclusion of patients with pacemakers, implanted pumps, amputations, physical and mental problems in the study population.
In the analysis cohort the underlying renal diseases originated from diabetic nephropathy (26%), hypertensive nephropathy (15%), glomerulonephritis (13%), interstitial nephritis (10%), polycystic nephropathy (9%), nephrosclerosis (6%), vascular disease (4%), pyelonephritis (3%), congenital disease (2%), and analgetic nephropathy (1%), the remaining diseases were of other origin or unknown.
The characteristics of the analysis cohort are shown in table 1 , for all patients as well as separated for the treatment modes HD and online HDF. Body mass index was nearly identical in the HD patients and in the online HDF patients, small differences were observed for age, sex and residual renal function: patients treated with online HDF were slightly younger (-5.4 years), had a higher percentage of males (+4%), and a lower residual renal function (15% more anuric patients).
Treatment Parameters
An overview of the mean patient and treatment parameters is given in table 2 . Differences were seen between patients treated by HD and online HDF: for online HDF, higher mean values were observed for body weight (predialytic body weight: +1.6 kg, postdialytic body weight: +1.2 kg), ultrafiltration volume (+0.6 liter), volume of processed blood (+15 liters), and treatment duration (+15 min). Data are expressed as number (n), mean 8 SD, or percentage. 1 Urine volume/day: low: <100 ml/day, medium; ≤500 ml/day, high: >500 ml/day. Mean predialytic values measured by BCM were a total body water V of 35.8 8 7.5 liters, extracellular water of 17.6 8 3.6 liters, lean tissue index of 12.3 8 2.9 kg/m 2 , and overhydration of 1.9 8 1.6 liters.
Dialysis Dose Data
The mean dialysis dose data are given in table 3 . The mean dialysis dose was the highest when measured by the standard method with blood samples, whereas the automatic OCM method with the urea distribution volume estimate according to Watson provided the lowest value. The value of the method with Kt measured by OCM and V measured by BCM was in between, closer to Kt/V Dau . The difference between Kt/V OCM and Kt/V BCM was due to the difference in V.
Dialysis doses are given also separately for patients treated by HD or online HDF in table 3 . Independently from the applied method, the mean dialysis dose was higher for online HDF than for HD; Kt/V Dau : +0.36 (+24%), Kt/V OCM : +0.28 (+22%), and Kt/V BCM : +0.33 (+23%).
The distribution of the measured dialysis doses is shown by a box-and-whisker plot in figure 1 . Outliers with dialysis dose values 1 5 were incidentally observed for Kt/V Dau (possible blood sampling or laboratory errors), whereas in the same patients the OCM-based dialysis dose measurements Kt/V OCM and Kt/V BCM delivered much lower values in the usual range.
The relation between Kt/V Dau and Kt/V BCM is shown in figure 2 . The correlation between these methods was high: Pearson's correlation coefficient between Kt/V Dau and Kt/V BCM was 0.82 (if the probable errors with values 1 5 were neglected). In this case, Lin's concordance coefficient with a value of 0.81 also suggested good agreement.
A Bland-Altman analysis of agreement between Kt/ V Dau and Kt/V BCM was performed ( fig. 3 ) . The mean difference in dialysis dose was 0.084, and the 95% agreement interval was limited by -0.404 and +0.572. On average, Kt/V OCM resulted in 15% lower values compared to Kt/ V Dau , and Kt/V BCM had 5% lower values compared to Kt/ V Dau .
Discussion
As a key performance indicator of dialysis quality the delivered dialysis dose should be monitored closely. Three different methods determining dialysis dose were investigated simultaneously in this prospective clinical trial. Dialysis dose was determined by the conventional method with blood sampling and calculation (Kt/V Dau ), by automatic OCM with a urea distribution volume V based on anthropometric estimation (Kt/V OCM ), and by auto- matic OCM with urea distribution volume V (Kt/V BCM ) measured by BCM. For this comparison both the number of European dialysis centers and the number of their patients was large enough in order to obtain representative data: 18 centers participated and 1,076 patients were analyzed. As expected, the methods determining dialysis dose did not give identical results. For simultaneous application of these methods we observed mean values Kt/V Dau 1 Kt/V BCM 1 Kt/V OCM . The mean difference between Kt/ V OCM and Kt/V Dau was 0.27, and between Kt/V BCM and Kt/V Dau it was 0.09. Nevertheless, the differences between these methods were observed to be proportional, demonstrated by a similarly higher mean dialysis dose for online HDF compared to HD: Kt/V Dau : +24%, Kt/V OCM : +22%, and Kt/V BCM : +23%.
The benefits and drawbacks of different methods to determine dialysis dose have been discussed earlier [1, 22, 23] , and only a few arguments should be called to mind here.
Concerning the conventional method it should be kept in mind that methods based on blood sampling are critical concerning proper timing, compliance with recommended methods, and are known for occasional mistakes in handling, storage or transport of the samples or in laboratory errors of measuring urea [8, [23] [24] [25] [26] [27] [28] . With the conventional method, Kt/V Dau , we found two measurements with dialysis dose values 1 5, whereas the OCMbased methods, Kt/V OCM and Kt/V BCM , delivered plausible values for the same treatments. The second-generation Daugirdas' formula was modeled from 500 HD sessions, and its total error remains in an acceptable 5% range throughout the investigated range of dialysis doses (0.7 ^ Kt/V ^ 2.0) [8] . This method is one out of several methods with significant differences, but it is established as standard in clinical routine [22, 23] .
The standard method means a blood loss for the patient and additional costs for the healthcare provider, therefore it is not done in every single treatment.
If the dialysis dose is measured with a low frequency (e.g. required only every 3 months in Germany) deteriorations in dialysis quality may occur, and remain undetected for weeks or maybe for months. Even when there are no apparent changes in therapy, the delivered dialysis dose may vary considerably from treatment to treatment [29] , and cannot be considered stable [30] .
Any discrepancy between the prescribed and the delivered dialysis dose can yield valuable diagnostic information [9] , and each additional dialysis dose measurement enables an early detection. Avoiding discrepancies between the prescribed and the delivered dose calls for a continuous surveillance [31] . Measuring the dialysis dose automatically in every dialysis treatment enables early countermeasures in order to maintain the recommended level of dialysis dose [30] . Even for a high delivered dialysis dose, an unexpected decrease of the dialysis dose may be an indicator for problems with the treatment procedure itself (e.g. delivered blood flow rate lower than displayed by the monitor, or beginning clotting in dialyzer) or for problems with blood access (e.g. decreasing shunt flow due to developing stenosis). An automatic measurement of the dialysis dose during every dialysis session does no harm to the patient, as no blood samples are taken. For patients with a constant dialysis dose 1 1.6 the benefit of an automatic measurement may be moderate, but for patients with varying and lower dialysis doses the risk of an undetected low dialysis dose for longer periods of time are real, and the benefit of continuous surveillance concerning dose delivery seems obvious.
Although the OCM accurately measures both urea clearance K and effective dialysis duration t, the accuracy of the urea distribution volume V is lower, if anthropometric formulae are used. The commonly used Watson formula was derived from 723 adults obtained from dilution studies. It can be applied in the dialysis monitors 4008 and 5008. Meanwhile, this estimation was found to overestimate the total body water of HD patients [12, 16, [32] [33] [34] [35] and consequently a dialysis dose based on this formula is often underestimated.
The accuracy of BCM determining total body water was evaluated earlier against available gold standard reference methods, and agreement with clinical assessment of fluid status was demonstrated [13, 17, 18] , both for healthy subjects and HD patients. Meanwhile, hydration status measured by BCM has been shown to be an independent predictor of mortality in chronic HD patients [36] .
In our study the predialytic BCM measurement and a mean weight loss of 1.9 kg delivered a mean urea distribution volume V of 33.9 liters, which was 3.6 liters lower than the Watson estimation. Due to this lower volume the mean dialysis dose Kt/V BCM (with all parameters K, t, and V measured) was found higher than the mean dialysis dose Kt/V OCM and close to the standard method.
In conclusion, this clinical trial demonstrated that due to the automated procedure the OCM with the Watson estimation for urea distribution volume was easiest to use, allowing dialysis dose determination in every dialysis treatment. Although a difference with the conventional method was observed, possible problems impacting the dialysis dose (e.g. shunt deterioration) may be detected early.
The automatic OCM with the urea distribution volume measured by BCM had a higher correlation with the conventional method. In stable patients a monthly determination of the urea distribution volume by BCM should be sufficient, enabling an automated control of dialysis dose in every dialysis treatment with low additional effort.
